In recent studies the Sr/Ca ratio of coccolithophore calcite was used as a proxy for past coccolithophore growth and calcification rates. Since Sr and Ca concentrations in seawater have not remained constant through time, interpretation of Sr/Ca data from the coccolith-dominated sedimentary record requires knowledge about the incorporation of seawater Sr into coccolith calcite during coccolithogenesis. Here we show that Sr/Ca of Emiliania huxleyi coccoliths is linearly related to seawater Sr/Ca, meaning that the Sr exchange coefficient does not change with changing seawater Sr/Ca. The exchange coefficient for Sr in this study, 0.39, is close to values presented in the literature and is high compared with values obtained by inorganic precipitation experiments. This suggests a strong effect of cell physiology on biogenic calcite precipitation in coccolithophores. We present a conceptual model, based on the transmembrane transport of Sr and Ca, which explains the offset.
The Sr/Ca of calcium carbonate-producing organisms was widely used to reconstruct past oceanographic conditions. Coral Sr/Ca, for instance, was used as a temperature proxy (Smith et al. 1979) . Sr/Ca of coccolithophore calcite was linked to coccolithophore growth and calcification rates (Stoll and Schrag 2000) . It was suggested that despite temperature-dependent Sr/Ca partitioning in coccolith calcite (Stoll et al. 2002a,b) , it is possible to infer past coccolithophore productivity from the coccolith fossil record (Stoll and Schrag 2001; Billups et al. 2004) .
The Sr/Ca of seawater is likely to have changed through time on both short and long timescales (Stoll and Schrag 1998; Lear et al. 2003) . Therefore, it is mandatory to consider its influence on the Sr/Ca of biogenic calcium carbonates. Recent studies investigating coccolith-dominated Cenozoic and Cretaceous carbonates consequently account for changing seawater Sr/Ca (Stoll and Schrag 2001; Billups et al. 2004) . Calculations in these studies rely on the premise that the exchange coefficient is unaffected by the seawater Sr/Ca ratio. This was shown to be true in inorganically precipitated calcite (Lorens 1981; Tesoriero and Pankow 1996) , whereas nothing is known about coccolithophores in this respect.
Exchange coefficients of coccolith calcite presented in the literature are high compared with values of inorganically precipitated calcite (Stoll et al. 2002b ). Although kinetic effects can explain part of this offset (Stoll et al. 2002b) , the origin of this discrepancy is yet not fully understood. Often the term ''vital effects'' is used to account for the fact that numerous biological processes control the precipitation process. Because the bulk of the coccolith is thought to be precipitated by an inorganic crystal growth mechanism (Young et al. 1999) , the application of results from inorganic precipitation experiments to coccolithogenesis may provide a useful framework. However, such inferences are doubtful, because precipitation of coccolith calcite takes place within a specialized Golgi-derived vesicle-the so-called coccolithvesicle-and is organically modulated (Young et al. 1999; Henriksen et al. 2004) . Determination of exchange coefficients for coccoliths is problematic, because the Sr/Ca of seawater is used for calculation, although the chemistry of seawater differs from that of the solution within the coccolith vesicle.
Here we present results from batch culture experiments using the dominant coccolithophore Emiliania huxleyi, a bloom-forming species that occurs worldwide in both coastal and open oceanic environments. In these experiments the dependence of coccolith Sr/Ca on seawater Sr/Ca was examined. Our results are compared with literature data, and a conceptual model for transport of calcium and strontium from seawater into the coccolith-vesicle, capable of explaining the observed high values of exchange coefficient, is discussed. (Notations used within this paper are listed in Table  1. ) 
Materials and Methods
Monospecific cultures of E. huxleyi (strain PML B92/11) were grown in sterile-filtered (0.2 m) artificial seawater enriched with 100 mol L Ϫ1 nitrate and 6.25 mol L Ϫ1 phosphate with trace metals and vitamins according to F/2 (Guillard and Ryther 1962). The detailed composition of the artificial seawater is given in Table 2 . Seawater Sr and Ca concentrations were varied to obtain a wide range in Sr/Ca in the growth medium. A 16 : 8 light : dark (LD) cycle was applied. Experiments were carried out at a constant temperature of 15ЊC and various photon flux densities (Table 3) , which were maintained by growing the cells in an adjustable incubator (Rubarth Apparate GmbH, Germany). Cells were pre-adapted to experimental conditions for approximately 12 generations and grown in dilute batch cultures. Low cell density at harvest ensured that Ͻ5% dissolved inorganic carbon (DIC) was consumed (i.e., DIC consumed by the cells at the end of experiment). The carbonate system was nearly constant during all experiments and did not vary significantly between different flasks. CO 2 concentrations [CO 2 ] were adjusted to an average value of 16.4 mol L Ϫ1 through the addition of NaOH (1 mol L Ϫ1 ). The cells were grown in duplicate in HCl-rinsed polycarbonate flasks.
Samples for alkalinity measurements were filtered (approximately 0.6 m), poisoned with 1 mL of an HgCl 2 solution (35 g L Ϫ1 ), and stored in 300-mL borosilicate flasks at 0ЊC. DIC samples were sterile-filtered (0.2 m) and stored in 13-mL borosilicate flasks free of air bubbles at 0ЊC prior to analysis. Total alkalinity was calculated from linear Gran plots (Gran 1952) after duplicate potentiometric titration (Bradshaw et al. 1981; Brewer et al. 1986) , and DIC was measured photometrically (Stoll et al. 2001) in triplicates. The carbonate system was calculated from temperature, salinity, concentrations of DIC, total alkalinity, and phosphate using the program CO 2 sys (Lewis and Wallace 1998) . Equilibrium constants of Mehrbach et al. (1973) refitted by Dickson and Millero (1987) were chosen. Samples for determination of total particulate carbon (TPC) and particulate organic carbon (POC) were filtered on precombusted (12 h, 500ЊC) GF/F-filters (approximately 0.6 m) and stored at Ϫ20ЊC. Prior to analysis, the POC filters were fumed for 2 h with a saturated HCl solution to remove all inorganic carbon. TPC and POC were subsequently measured on a Carlo Erba NA-1500 Analyzer. Particulate inorganic carbon (PIC) was calculated as the difference between TPC and POC. For determination of cell density, samples were taken daily or every other day and counted immediately after sampling using a Coulter Multisizer III. Cell growth rate ( cocco , unit d Ϫ1 ) was calculated as
where c 0 and c 1 denote the cell densities at the beginning and the end of experiment, and ⌬t represents the duration of incubation in days. Calcification rate (P, pg calcite cell Ϫ1 d Ϫ1 ) was calculated according to
Samples for Sr/Ca measurements were centrifuged in 50-mL Falcon tubes, rinsed with Sr-free artificial seawater, centrifuged again in 1-mL tubes in order to remove seawater, dried at 60ЊC for 48 h, and stored at room temperature.
Sample preparation and determination of Sr/Ca ratios-
Coccolith samples were transferred into acid-cleaned 1.5-mL polypropylene (PP) polymerase chain reaction (PCR) tubes. For removal of organic matter, the samples were bleached in a 10% dilution of concentrated NaOCl solution for about 24 h. Afterward the solution was removed and the samples were covered with ultrapure H 2 O (pH 8-9, adjusted by the addition of NH 4 OH to prevent partial dissolution of the calcite samples); ultrasonicated for 2 min; and then centrifuged. The water was removed and new H 2 O was added. This washing procedure was repeated 6 times. The cleaned coccoliths were dissolved in 2.5 mol L Ϫ1 HCl and evaporated. The samples were recovered in an HNO 3 -H 2 O 2 mixture and evaporated again. The samples were recovered in 2% HNO 3 , and internal Sc and Y standards were added prior to element analysis. Ca and Sr concentrations were determined on a Finnigan Element 2 inductively coupled plasma mass spectrometer at the Department of Geosciences at the University of Bremen. The reproducibility (2 standard deviations) of the Sr/Ca ratios was determined to be about 0.038 mmol mol Ϫ1 by repeated measurements of a house standard during the course of the analyses.
Theoretical background-The partition coefficient describes the distribution of an element between two phases. In aqueous systems these two phases are normally an aqueous solution and a mineral. Unfortunately, the terminology in this field is incoherently used throughout the literature (Beattie et al. 1993) , so that the terms ''partition coefficient,'' ''distribution coefficient,'' and ''exchange coefficient'' and the symbols D, K d , and K D are used interchangeably. We use the following terminology: The partition coefficient and the symbol D x (the subscript x stands for the element of interest) are defined as 
where [x] s is the molar concentration of the element of interest in the solid and [x] l its molar concentration in the solution. For most aqueous systems the partition coefficient is normalized to the partition coefficient of another element. The term exchange coefficient and the symbol K will be D Tr used for the normalized value. From here on the subscript Tr (trace element) and M (major element) will be used instead of the previously used x, because this is more consistent with the literature. The exchange coefficient is defined as
D Tr is the partition coefficient of the element of interest, and D M is the partition coefficient of the element used for normalization. Since in this work we focus on the element strontium (Sr), the exchange coefficient for Sr is defined as the partitioning of Sr between calcite and the solution normalized to the distribution of calcium (Ca) between calcite and solution (Eq. 5).
[Sr] /[Sr]
It has been shown that the distribution of trace elements at thermodynamical equilibrium is related to the solubility product of the mineral phases. McIntire (1963) showed that the solubility products of MCO 3 and TrCO 3 are correlated to the exchange coefficient as follows (see Table 1 for symbol explanations):
It is difficult to measure or calculate the values for all parameters of this equation. In particular, the difference of the chemical potential of the trace element in the pure TrCO 3 crystal and its chemical potential as a component in the MCO 3 crystal is not known. Rimstidt et al. (1998) tried to estimate the values for various elements by fitting a large data set obtained from the literature. Their work, and many other experimental investigations (e.g., Lorens 1981; Tesoriero and Pankow 1996) , showed that the exchange coefficient is in many cases influenced by kinetics. The degree of supersaturation has a strong influence on the growth processes at the crystal surface, which are complex and not trivial to investigate. However, the crystal growth rate generally increases with increasing levels of supersaturation (Nielsen 1964) . Experiments with varying growth rates are easily performed and therefore ideal for the investigation of the kinetic effects on trace element incorporation during crystal growth. Numerous experiments showed that three different exchange behaviors of trace elements can be distinguished (e.g., Tesoriero and Pankow 1996; Rimstidt et al. 1998) : (1) behavior is illustrated in Fig. 1 . It should be noted that, strictly speaking, equilibrium is only achieved under conditions of zero growth. In spite of this, the term ''growth at equilibrium'' is widely used in the literature and describes a behavior not influenced by kinetics. However, for our purposes it is important to note that the concentration measured within the crystal can be influenced by two variables: the concentration in solution (Eq. 3) and the growth rate of the crystal. The concentration in solution in general refers to the solution the crystal is precipitated from. If crystal growth proceeds via biomineralization, the chemical composition of the fluid at the actual growth site, located within an organism, is mostly unknown. Nevertheless, it is common to calculate an exchange coefficient by means of the element ratio in the growth medium (bulk medium). Values obtained in this way are not based on the real composition at the site of crystal growth. We suggest that exchange coefficients calculated based on a reference solution (if the solution composition at the site of crystal growth is not known) should be referred to as apparent exchange coefficient,
denotes the use of the bulk medium concentration as the reference solution). Symbol explanations are given in Table 1 .
Results
The Sr/Ca of coccolith calcite is linearly related to Sr/Ca of seawater (Fig. 2) . The slope of the regression curve ( axis intercept from zero is due to the precision of the measurement. The linearity in the slope of coccolith Sr/Ca implies that our experimental practice to adjust the Sr and Ca concentrations in our growth medium by changing either the strontium or the calcium concentration relative to those in natural seawater had no influence on the exchange coefficient.
The highest Sr/Ca applied in our experiments, 90 mmol mol Ϫ1 , was achieved by lowering the calcium concentration to 1 mmol L Ϫ1 . The corresponding calcite saturation state (⍀), with
was 0.4, indicating undersaturation of seawater with respect to calcite. Scanning electron microscope (SEM) images of coccoliths produced under these conditions reveal partial dissolution of the rim and central area (Fig. 3) . Therefore, the decreased calcification rate occurring at 1 mmol L Ϫ1 external Ca can in part be attributed to dissolution.
Cell growth rates and calcification rate of E. huxleyi varied between 0.32 and 0.91 d Ϫ1 and 2 and 58 pg calcite cell Table 3 ).
Discussion
Implications for proxy use-The Sr/Ca of E. huxleyi coccoliths increased linearly with increasing Sr/Ca of seawater within the range tested. This range comprised three orders of magnitude, and the lowest value corresponded to 1% of the modern seawater value. Because this range was much larger than the postulated changes of Sr/Ca in the seawater since the Cretaceous (Stoll and Schrag 2001; Lear et al. 2003) , the assumption of a constant K with changing sea-B D Sr Sr/Ca ratios in Emiliania huxleyi water Sr/Ca (Stoll and Schrag 2001; Billups et al. 2004 ) is supported by the data presented here.
At 1 mmol L Ϫ1 external Ca, SEM images show partial dissolution of coccoliths, probably as a consequence of the calcite saturation state of 0.4. Lowered production of calcite is also likely to have occurred at 1 mmol L Ϫ1 calcium in seawater (Paasche 1964) , an interpretation which the lower growth rates render even more likely. Consequently, we are not able to report the exact proportion of calcite that was subject to dissolution. However, the Sr/Ca of the remaining calcite fits the data obtained from coccoliths not showing partial dissolution. We conclude that partial dissolution seems to have no significant effect on coccolith Sr/Ca. This conclusion is supported by dissolution experiments with carbonate-rich sediment samples (Stoll and Schrag 2000) . Furthermore, there are considerable differences in growth and calcification rates between the samples, which are the result of differences in light intensities (Table 3) . Apparently these differences in growth and calcification rates have no effect on K . The confidence level (r 2 ϭ 0.99) of the linear re-
gression curve (Fig. 2) indicates a constant K with chang-
ing seawater Sr/Ca. This is in accord with previous experiments with E. huxleyi (Stoll et al. 2002b ) and other species (Stoll et al. 2002c) , which showed that irradiance-induced changes in growth rate did not affect strontium partitioning. Nutrient-stimulated changes in growth rate, on the other hand, affected strontium partitioning in E. huxleyi (Rickaby et al. 2002) . This distinction between irradiance-induced and nutrient-stimulated changes in growth rate strongly suggests that some physiological processes, rather than growth rate per se, are responsible for variable strontium partitioning in coccoliths. (Rickaby et al. 2002; Stoll et al. 2002b) . K values B D Sr ranging from 0.1 to 0.6, depending on calcification rate, were measured by Rickaby et al. (2002) using the same strain as in our experiments. A different strain was used by Stoll et al. (2002b) . Based on the data they published (seawater Sr/ Ca 8.55 mmol mol Ϫ1 , coccolith Sr/Ca 2.92 mmol mol Ϫ1 ), we calculated a K of 0.34.
B D Sr
Inorganically precipitated calcite shows K values ranging D Sr from 0.021 to 0.14 depending on the precipitation rate (Lorens 1981; Tesoriero and Pankow 1996) , where the lowest value represents the thermodynamical equilibrium value. This value, however, is one order of magnitude smaller than the common K value for coccolith calcite (see above).
A positive correlation between K and growth rate is well B D Sr documented for inorganically precipitated calcite (Lorens 1981; Tesoriero and Pankow 1996) . The correlation was used by Carpenter and Lohmann (1992) in order to explain the high K of biogenic calcite. This hypothesis was examined B D Sr with regard to coccolithophore calcite by Stoll et al. (2002b) . The authors used a surface enrichment model (Watson and Liang 1995) to fit the above-mentioned data from inorganic precipitation experiments (Lorens 1981; Tesoriero and Pankow 1996) . As concluded by the authors themselves, the calculations of Stoll et al. (2002b) show that K values of B D Sr coccolith calcite cannot be explained by kinetic effects (i.e., simply by virtue of fast crystal growth rates). We perfectly agree with this conclusion, which is even underscored when considering the inevitable conversion of crystal growth rate units of the inorganic data (Tesoriero and Pankow 1996) in more detail. The relationship between seed crystal surface area and seed mass (i.e., the specific surface area) is the crucial number in this conversion. A careful review of the experiments described in Tesoriero and Pankow (1996) revealed that the value for specific surface area most likely is smaller than the one reported by Tesoriero and Pankow (1996) . We put emphasis on the notion that this has no consequences at all for the results of Tesoriero and Pankow (1996) (Tesoriero and Pankow 1996) . This calculation adds to the conclusion of Stoll et al. (2002b) that kinetic surface enrichment effects cannot explain the strontium partitioning in coccoliths. Stoll et al. (2002b) 
Toward an explanation of coccolith K : A conceptual B D Sr
model-In order to understand why intracellular Sr/Ca should differ from seawater ratio, it is necessary to briefly review the present knowledge of the calcification mechanism and cellular transport of calcium ions in E. huxleyi.
Precipitation of calcite takes place within a membranedelimited space completely isolated from the cytosol, the coccolith vesicle (e.g., Young et al. 1999) . Thus, seawater is separated from the site of calcification by at least two membranes, the plasma membrane and the coccolith-vesicle membrane. Calcium uptake for calcification is thought to be accomplished by transmembrane transport via Ca channels in the plasma membrane and Ca ATPases in the endomembrane system (Brownlee et al. 1995) . It is still a matter of debate which compartment takes up calcium from the cytosol. It was suggested that the peripheral endoplasmic reticulum (ER) could play that role (Berry et al. 2002 ). Another structure that appears to be suited for the task is the reticular body, which is part of the coccolith vesicle in E. huxleyi, because this structure combines large surface area with small volume (Marsh 2000) . For reasons of simplicity, we assume the reticular body to be responsible for Ca uptake from the cytosol in our further discussion. Another premise of our conceptual model is the small volume of solution surrounding the coccolith inside the coccolith vesicle. The membrane of the coccolith vesicle closely envelopes the growing coccolith and therefore does not contain a substantial reservoir of fluid. Judging from transmission electron micrographs, the vesicle volume is at most double the coccolith volume (Young and Henriksen pers. comm.) and is here assumed to have a maximum value of 1.8 m 3 . Calcium homeostasis is accomplished by an arrangement of channels and pumps in the plasma membrane and various endomembranes that provides a steep calcium gradient between the cytosol and its environment. From a thermodynamical point of view, a Ca gradient of 10 4 -10 5 can be achieved by the hydrolysis of ATP for a high ATP/ADP ϫ Pi ratio in the cytosol, with a ⌬G of 15 kcal mol Ϫ1 (Meldolesi and Pozzan 1998), and as a result of the presence of macromolecules (acidic polysaccharides, proteins) near the cell surface and probably also in the ER. The polysaccharides may form complexes with Ca or Sr, as known for calreticulin, thereby decreasing the concentration of the free cations.
The cytosolic concentration of Ca is a rather universal constant in the inactivated cell, with a value of 0.1 mol L Ϫ1 (Brownlee et al. 1995) . In the case that Ca pumps in the plasma membrane work near the thermodynamical limit, the gradient of 10 5 yields a calcium concentration of 10 mmol L Ϫ1 at the cell surface, which in fact is exactly the Ca concentration of seawater. Because of the calcium homeostasis, the Ca at the cell surface should be quite independent from the bulk Ca concentration in different experimental conditions. Ca transport near the thermodynamical limit would have the advantage that (1) pumping Ca from the cytosol to the environment proceeds with a minimum dissipation of energy in ATP consumption, and (2) a steep Ca gradient provides fast influx in cell signaling. We therefore postulate that a constant concentration of Ca at the cell surface represents a part of calcium homeostasis. The value of the surface Ca concentration we assume to be close to the thermodynamical limit (i.e., close to the Ca concentration of seawater, 10 mmol L Ϫ1 ). Calcification takes place in vesicles derived from the Golgi system. The kinetics of calcite formation can be optimized inside the cell, but biomineralization cannot bypass thermodynamics (e.g., calcite precipitation cannot occur below the calcite saturation concentration). Here we assume that thermodynamics is the only restriction for the vesicle calcification (i.e., the Ca concentration in the vesicle is determined by the saturation product). Hence, the calcite precipitation should start right after a supersaturation is obtained in the coccolith vesicle (see also Young et al. 1999 ). Moreover, the incorporation of Sr into calcite should proceed with the equilibrium of 0.021 (Tesoriero and Pankow 1996) .
K D Sr
For an unconstrained inorganic precipitation of calcite in the coccolith vesicle, there are two possible scenarios for explaining the observed K . The first scenario is as follows:
Precipitation occurs in steady state for both Ca and Sr. Under this condition the Sr/Ca of the calcite is determined by the ratio of the Sr and Ca influx. In this case the observed K B D Sr Ͻ 1 could be explained in terms of a strong fractionation of the Ca pump against Sr. However, there is no experimental evidence for a significant difference in the cellular transport kinetics for Ca and Sr for either pumps (SERCA) nor channels (Allen and Sanders 1994; Berman and King 1990) . Therefore, an unconstrained inorganic precipitation mechanism that operates in steady state appears to be unlikely.
In the second scenario, Sr/Ca of the new calcite is changing with time. The calcite precipitation yields an accumulation of Sr in the coccolith vesicle (owing to Ͻ 1) until K D Sr steady state is achieved. Then, the observed Sr/Ca of the coccolith calcite would be an integral value that arises from the sum of Sr/Ca over the time required for the formation of one coccolith. This mechanism assumes a similar timescale for reaching steady state and formation of the coccolith. The time required to achieve steady state can be estimated by means of a one-compartment model for inorganic precipitation of calcite in the coccolith vesicle. Within this model the concentrations of Ca and Sr in the vesicle are described in terms of two simple differential equations: Table 4 . After the onset of calcite precipitation, the Ca concentration in the coccolith vesicle is assumed to be constant, where the value of Ca concentration is determined by the saturation product. Then the solution of Eq. 8 yields the following expression for the time dependence of the Sr concentration:
where the characteristic time constant, , is given by
The value of indicates that the steady state is obtained after a few seconds, which is negligible compared with the 0.7 h required for the formation of one coccolith. Thus, the K B D Sr of coccolith calcite is entirely determined by its steady state value. Therefore, also we need to exclude the second scenario as a possible mechanism yielding the observed coccolith K .
B D Sr
Based on the previous discussion, we speculate that there is a strong impact of the cell physiology on the coccolith Sr/Ca. We suggest that the Ca pumps in the endomembrane system provide an additional thermodynamical constraint on inorganic calcite precipitation: During the calcification, the concentration of Sr in the coccolith vesicle increases with time (see Eq. 9 and Fig. 4) . However, the accumulation of Sr in the vesicle will stop at the thermodynamical limit existing for the gradient of Sr concentration between the vesicle and the cytosol (see Fig. 4 ). At the thermodynamical limit, a gradient of 10 5 between the cytosol and the coccolith vesicle can be expected for Sr, corresponding to the situation at the plasma membrane.
Hence (Anning et al. 1996) . However, a [DIC] of 893 mol L Ϫ1 is still in agreement with the observed mean cellular DIC of 500 mol L Ϫ1 (Anning et al. 1996) . As mentioned above, previous experiments with E. huxleyi (Stoll et al. 2002b ) and other species (Stoll et al. 2002c) showed that irradiance-induced changes in growth rate did not affect strontium partitioning, whereas nutrient-stimulated changes did (Rickaby et al. 2002) . Since E. huxleyi does not dispose of an efficient nitrogen uptake system (Riegman et al. 2000) , it is possible that nitrogen availability affects DIC transport proteins. If DIC concentration in the coccolith vesicle and external nitrogen concentration are positively correlated, this would have an effect on strontium partitioning. According to our model, an increase in coccolith vesicle DIC concentration corresponds to a decrease in coccolith vesicle calcium concentration [Ca] Sat . Hence an increase in external nitrogen concentration would lead to an increase in K pre-B D Sr dicted by our model (Eq. 11). This correlation was observed experimentally (Rickaby et al. 2002) . In the latter study, K values ranging from 0.1 to almost 0.7 were measured.
In order to cover this range in our model, values for [Ca] Sat ranging from 279 mol L Ϫ1 to 1,950 mol L Ϫ1 are required. These values fall well within the range of measured ER values (Meldolesi and Pozzan 1998 ). An additional explanation for effects of nitrogen limitation can be given. Under nitrogen limitation, E. huxleyi produces excess polysaccharides, which are extruded onto the cell surface (Engel et al. 2004) . Polysaccharides bind divalent cations by a complex mechanism called the egg-box model (Pellerin and O'Neill 1998) , where strontium is bound more strongly to polysaccharides than to calcium (Cohen-Shoel et al. 2002) . Hence with increasing polysaccharide concentration at the cell surface, the calcium to strontium ratio at the cell surface would also increase and become higher than that of the bulk medium. Mathematically this can be described by adding a factor ␥ to Eq. 11:
[Sr] [Ca] [Sr] [Ca] The factor ␥ can assume values between 0 and 1. In the case of no polysaccharides at the cell surface, ␥ ϭ 1. It should be noted that a very small amount of polysaccharides, the coccolith-associated polysaccharides (CAP; Henriksen et al. 2004) , is always present at the cell surface of E. huxleyi. The amount of CAP, however, is negligible compared with the amount of polysaccharides produced and extruded additionally during nitrogen limitation (Engel et al. 2004 (Stoll et al. 2002b ), whereas the second shows the temperature dependence of in inorganic calcite precipitation K D Sr experiments (Malone and Baker 1999 (Stoll et al. 2002b ). We have shown experimentally that coccolith Sr/Ca of E. huxleyi increases linearly with increasing seawater Sr/Ca over three orders of magnitude. This relationship, in general, provides the basis for correcting measured Sr/Ca from sediment samples for different composition of seawater with respect to these ions.
The high K values measured for coccolith calcite can
be explained by a simple conceptual model based on the channel/carrier-mediated transport of calcium and strontium ions inside the cell. The model is solely based on thermodynamical constraints and does not assume a relationship between the exchange coefficient and the crystal growth rate.
